Abstract To assess the control of fault geometry and mechanical interactions on fault-slip distributions in a complex natural system, we present results from threedimensional mechanical models incorporating both nonplanar and rectangular planar representations of active faults within the Ventura basin region of southern California. We find that the incorporation of geologically constrained nonplanar fault surfaces into numerical models of active deformation results in a better match to available geologic slip-rate data than models utilizing rectangular planar fault surfaces. The model results demonstrate that nonplanar fault geometry and mechanical interactions exert a strong control on resultant slip distributions. Additionally, we find that slip rates at most locations along the surface trace of Ventura faults are not likely to represent average values for the entire fault surface. We propose that results from threedimensional mechanical models using realistic (i.e., nonplanar) fault geometry can be used to both predict slip rates at specific locations and determine whether existing sitespecific slip-rate estimates are representative of average fault-slip rates. Although geometric irregularities along-fault surfaces should resist slip, planar faults can have lesser slip than nonplanar faults due to the differing mechanical interactions among nearby faults in the two representations. This suggests that models using simplified or planar fault geometry are likely to inaccurately simulate regional deformation. We assert that detailed knowledge of three-dimensional fault shape as well as the geometry and configuration of deep fault intersections is essential for accurate seismic hazard characterization of regions of complex faulting such as the Ventura basin of southern California.
Introduction
Faults are inherently three-dimensional nonplanar structures. Three-dimensional fault surfaces that show considerable deviations from planarity have revealed themselves in earthquake aftershock sequences (e.g., Reasenberg and Ellsworth, 1982; Seeber and Armbruster, 1995; Waldhauser and Ellsworth, 2000; Carena and Suppe, 2002; Kilb and Rubin, 2002; Chiaraluce et al., 2003) and reflection seismic data (e.g., Shaw and Suppe, 1994; Walsh et al., 1999; Maerten et al., 2000; Okay et al., 2000; Kattenhorn and Pollard, 2001; Seeber et al., 2006) . While computationally pragmatic, modeling faults as two-dimensional planes may give rise to errors in regions of complex interacting faults. For example, Maerten et al. (2005) show that the use of geologically constrained nonplanar fault surfaces in inverse models results in an improved fit to geodetic data associated with the 1999 Hector Mine earthquake. With increasingly accurate and abundant geologic and geodetic data, models must become increasingly sophisticated in order to approach geologic realism. To determine the degree to which threedimensional fault geometry and mechanical interactions affect resultant deformation in a natural system, we simulate active deformation along geometrically well-constrained, nonplanar faults in the Ventura basin of southern California.
The Ventura basin lies in the Transverse Ranges of southern California (Fig. 1) and contains a complex network of nonplanar reverse, oblique slip, and reactivated normal faults (e.g., Çemen, 1989; Yeats et al., 1994) . The Transverse Ranges are unusual for southern California in that westtrending oblique slip reverse faults contrast the typical northwest-trending strike-slip faults of the California borderland and coast ranges (Yeats, 1981) . Geologic evidence (e.g., Yeats, 1977 Yeats, , 1978 as well as geodetic measurements of re-gional contraction Donnellan, Hager, King, and Herring, 1993; Hager et al., 1999) suggest neotectonic activity on numerous faults in the region. Subsurface fault geometries in the Ventura basin are revealed by a dense network of subsurface boreholes throughout the area (e.g., Yeats, 1987; Yeats et al., 1988; Davis and Namson, 1989; Namson and Davis, 1989; Davis and Namson, 1994; Yeats, 1995, 1996) . The Ventura basin is an excellent natural laboratory for testing the effects of three-dimensional fault surface topology on slip distribution because fault geometries in the region are relatively wellconstrained and exhibit considerable fault-surface complexity (e.g., Yeats, 1987; Yeats et al., 1987; Çemen, 1989; Carena and Suppe, 2002) .
Although fault geometries in the Ventura region are relatively well constrained at shallow depths (< 5 km) from surficial mapping and borehole data, fault-slip rates on most faults in the region are relatively poorly constrained and complete slip distributions are unknown (e.g., Peterson and Wesnousky, 1994) . Large ranges in geologic slip rates of Ventura region faults reflect sparse trenching efforts, large uncertainty in dates of regionally conformable units (e.g., Yeats, 1993) , and differing structural interpretations in unfolding studies (e.g., Davis and Namson, 1994; Huftile and Yeats, 1996) . Three-dimensional numerical models that simulate geologic deformation may help to fill this knowledge gap by providing fault-slip distributions and suitable average fault-slip rates.
The effects of complex three-dimensional fault topology on deformation within interacting, nonplanar fault systems are poorly understood. Although current geological evidence of fault geometries in the Ventura region suggests otherwise (e.g., Yeats, 1987; Yeats et al., 1987; Çemen, 1989) , previous modeling studies of the Ventura basin have simplified the nonplanar San Cayetano, Santa Susana, Red Mountain, and/ or Oak Ridge faults (cf. Fig. 1 ) with single planes (e.g., Niño et al., 1998; Hager et al., 1999) or with multiple planar segments within two-dimensional models (e.g., . Because paleoseismic and geologic data along the San Cayetano (Rockwell, 1988) and the Oak Ridge (Yeats, 1988b; Yeats et al., 1988; Azor et al., 2002) faults show spatially varying slip rates, two-dimensional analyses may be unsuitable in this region. If these and other faults in the Ventura region have complex slip distributions, then the suitability of site-specific slip-rate estimates to represent average slip rate must be assessed. Nonrepresentative site-specific slip rates might over-or underpredict the seismic hazard associated with faults of the Ventura region.
In this work, we simulate deformation of the Ventura region using three-dimensional mechanical models with geologically constrained nonplanar fault geometry. We determine the effects of fault geometry and mechanical interaction on slip distributions by comparing nonplanar model results to models using simplified rectangular planar fault surfaces. To determine if the models adequately simulate the regional deformation, we first compare model-predicted average reverse-slip rates to available geologic slip-rate estimates. We refine this assessment by comparing the spatial distribution of slip along modeled faults to rates at specific sites of geologic investigations along the faults. By providing slip distributions along the entire three-dimensional fault surface, we are able to assess whether specific sites are likely to measure slip rates that represent the average slip of the fault. Furthermore, the fault-slip distributions highlight the role of fault topology and mechanical interactions in the partitioning of deformation among active faults.
Three-Dimensional Modeled Fault Geometry
In this study, we simulate deformation along 25 fault surfaces defined by the Southern California Earthquake Center (SCEC) community fault model (CFM) version 2.5 (Plesch et al., 2007) , which represents a consensus among researchers for a best-fitting representation of three-dimensional fault surfaces in southern California. Fault surfaces in the CFM are defined at the highest resolution based on all available data. Data types utilized in the construction of the Ventura region of the CFM include but are not limited to seismic surveys (e.g., Shaw and Suppe, 1994) , borehole data (e.g., Yeats, 1995, 1996) , earthquake hypocenters (e.g., Yeats et al., 1987; Carena and Suppe, 2002) , and geologic maps (e.g., Yeats, 1987; Çemen, 1989) . The CFM represents the most geometrically detailed and geologically constrained three-dimensional representation of southern California faults to date.
In order to maximize numerical accuracy in our models, we remesh the CFM fault surfaces to have more uniform element size and establish coincident vertices along intersecting faults to prevent interpenetration of model elements (Fig. 2) . These modifications are performed while preserving as much of the original CFM geometry as possible. Within our model, the average element diameter of 3.5 km sufficiently resolves geometric effects on the scale of 10 km or larger. Along some faults such as the Oak Ridge and San Cayetano faults, the near-surface fault surface is discretized into elements much smaller than 1 km to preserve the detailed and well-constrained fault topology observed in these locations. In the CFM, fault surfaces are defined to a maximum of ∼18-km depth (the base of seismicity in the area), but in order to better simulate geologic slip rates, we extend all major faults to a 27.5-km-deep, horizontal, and freely slipping crack that simulates the Moho discontinuity. The depth of the Moho is inferred from the LARSE I seismic line (Fuis et al., 2001 ) and the SCEC community velocity model version 2 (Magistrale et al., 2000) . In our implementation, all major faults sole into this regional shear stress-free surface so that the bottom tips of faults need not have zero slip (a necessity for bounded faults within a half-space). This regional shear stress-free surface is treated identically to the rest of the faults in the model (i.e., any resolved shear stress is resolved as variable slip across the fault surface). The resulting model simulates slip along discrete faults within the seismogenic crust and simulates flow at deep crustal levels as slip along this horizontal crack at Moho depth. The shear-stress-free condition on this horizontal crack allows complete unpinning of the lower tips of strike-slip faults effectively simulating faults of infinite height. Along the lower tips of dip-slip faults, slip is transferred as horizontal motion along the horizontal crack consistent with the observation of numerous reverse faults soling into a shallow-dipping regional décolle-ment beneath the transverse ranges (Fuis et al., 2001; Fuis et al., 2003) . A shallower horizontal crack would have no effect on strike-slip rates, but would consequently slow dipslip rates. Therefore, future efforts to image this regional décollement may provide further constraints on the exact location and geometry of this regional scale structure and may consequently require revision of the models presented herein. This approach succeeds at matching slip rates along faults in the Los Angeles basin (Cooke and Marshall, 2006) as well as uplift patterns in the northern Los Angeles basin (Meigs et al., 2008) . While our models contain all of the faults shown in Figure 2 , we only discuss faults that are onshore and within the north-south bounds of the Global Positioning System (GPS) network used. We include neighboring faults outside of the study region in order to capture mechanical interactions between adjacent faults, which likely influence fault behavior and should not be disregarded in regional models.
To assess the sensitivity of slip rate and distribution to fault geometry, we create a planar version of the CFM 2.5 using a new rectangular surface for each fault with similar lateral tip locations and average orientation calculated from the CFM surface (Fig. 2) . Using this technique, fault area cannot be preserved as a planar surface will have a different surface area than the equivalent irregularly shaped CFM surface. The planar model has an average element diameter of 5.5 km and requires fewer triangular elements due to its geometric simplicity. A few complex fault intersections in the planar model result in deviation from planarity by no more than 5°locally, but all surfaces have a standard deviation of strike and dip that is less than 1°. The planar model utilizes fault geometries similar to those of the SCEC rectilinear community fault model (CFM-R), but differs in that we discretize rectangular fault segments into numerous triangular elements whereas rectangular elements comprise the CFM-R. Henceforth, we refer to the two models as the topology model and the planar model.
GPS Velocities and Tectonic Boundary Conditions
Slip along fault surfaces within the mechanical models of this study is driven by applied remote strain that simulates regional deformation. We determine the regional strain rate and direction from the overall motions of GPS stations in the Ventura region.
In populated regions of southern California, geodetic measurements are complicated by seasonal and periodic anthropogenic motions (e.g., Bawden et al., 2001; Argus et al., are defined in the SCEC CFM version 2.5, and steep-dipping, major faults are extended to 27.5 km. Faults not extended to 27.5 km include (1) the Simi-Santa Rosa fault, which is modeled as a back thrust off of the Oak Ridge fault (Huftile and Yeats, 1996) , (2) the Holser and Del Valle faults, which are truncated at their lower tips by the Santa Susana fault, (3) Mission Ridge-Arroyo Parida fault, which is truncated at its lower tip by the Red Mountain fault (Huftile and Yeats, 1995) , (4) the Sisar fault, a flexural slip fault (Yeats, 1988a) , which is modeled as a listric fault, and (5) offshore faults, which are not extended with the exception of the Oak Ridge and Red Mountain faults. Planar surfaces are created by calculating average strike and dip of fault surfaces in the topology model and creating a new semirectangular surface with an orientation and trace length similar to the corresponding CFM surface. Fault traces are highlighted with black lines and upper tiplines of blind faults are highlighted with dashed lines. Models are illuminated from the north with darker color indicating deeper depth. South-dipping faults are backlit to enhance differences in dip direction. A black line marks the coast. Projection is UTM (NAD1927). Ⓔ For a threedimensional interactive version of this figure, refer to the electronic edition of BSSA.
2005). In order to isolate tectonic strain rates, we assume that the tectonic rates are linear and attempt to filter out nonlinear components of time series. While several studies have shown that there can be nonlinear tectonic deformation in some regions (Miller et al., 2002; Davis et al., 2006) , we are interested in the long-term fault-slip rates in this study, and so we extract the surface deformation that best represents the longterm average. We start with the GPS time series solutions from the Scripps Orbit and Permanent Array Center (SOPAC) and apply a common mode bias filter (Wdowinski et al., 1997) to the 15 sites in our region of interest (Fig. 1) . A common mode bias removes noise that is spatially correlated across the network. We then use principle component analysis (PCA) to filter out the spatially uncorrelated noise (Savage, 1988; Akoi and Scholz, 2003) . In using the PCA filter, we assume that only the linear rates of deformation are spatially and temporally correlated across the network, and we find this is true at the few-millimeters level. An example of the results of filtering is shown in Fig. 3 . The twice-filtered time series is not completely linear, but the root mean squares (rms) of the residuals to a linear trend has been significantly reduced from the initial time series. The average rms values of the unfiltered time series are 3 mm in the east component, 2 mm in the north, and 6 mm in the vertical. The common mode bias filtering provides the greatest reduction in residual rms for this small regional network, bringing the values down to 0.8 mm in the east, 0.7 mm in the north, and 3 mm in the vertical. The PCA filter decreases the rms of all three com- ponents even further, bringing them to 0.3 mm in the east, 0.2 mm in the north, and 0.7 mm in the vertical residuals. This large reduction in the vertical rms from the PCA filter is consistent with larger site-dependent noise in the vertical component (possibly due to local changes in groundwater or multipath) than the horizontal component.
By fitting a strain tensor to Ventura region station velocities, we determine a regional contraction of 121 nanostrains/ yr at an azimuth of 171°and 36 nanostrains/yr of extension perpendicular to the contraction direction relative to stations NHRG and CIRX. This contraction direction and rate is similar to , Donnellan, Hager, King, and Herring (1993) , and Hager et al. (1999) . A similar strain rate tensor is found by calculating the strain rate between the two most distal stations, NHRG and CIRX. NHRG is ∼3 km from the Santa Ynez fault (∼0:2 mm=yr, Peterson and Wesnousky, 1994) and ∼10 km from the western tip of the San Cayetano fault (∼0:8-1:8 mm=yr in this area, (Rockwell, 1988) . CIRX is located ∼8 km from the Malibu coast fault (∼0:3 mm=yr, Dolan and Pratt, 1997) . These distal stations are therefore unlikely to be significantly affected by interseismic strain accumulation on nearby faults. Because both of these techniques yield similar strain rate tensors, we assert that our estimate of a regional strain rate tensor is robust.
Modeling Technique
To simulate regional deformation in the Ventura region, we employ a linear-elastic continuum mechanics code that uses the boundary element method (BEM) formulation (Crouch and Starfield, 1990) . BEM models are advantageous over finite element method (FEM) models in areas of complex faulting, because they only require discretization of fault surfaces and not the volume surrounding the faults. Volumetric meshes, required by FEM models, can be quite labor intensive to create, and become complex around multiply intersecting faults such as are present in the Ventura region. In the models presented here, fault surfaces are meshed into triangular elements, which efficiently reproduce complex three-dimensional surfaces (e.g., Maerten et al., 2005) .
Deformation in the Ventura basin is simulated using Poly3D, a BEM code that calculates the deformation of a faulted, but otherwise homogeneous and isotropic, linearelastic, semi-infinite half-space (Thomas, 1993) . Poly3D has successfully simulated three-dimensional deformation in numerous tectonic environments including: normal fault systems (e.g., Crider and Pollard, 1998; Kattenhorn and Pollard, 2001) , strike-slip fault systems (e.g., Maerten et al., 2005; Muller and Aydin, 2005) , as well as transpressional faulting in the nearby Los Angeles basin Cooke, 2004, 2005; Olson and Cooke, 2005; Cooke and Marshall, 2006; Meigs et al., 2008) . Within the models of this study, the regional strain rate, determined from GPS stations, is applied as remote horizontal strain that drives slip along frictionless faults that are discretized into two-dimensional triangular elements. Each triangular element has a uniform displacement discontinuity and is not allowed to open or interpenetrate. Forward models driven by regional geodetically determined strain rates have successfully matched geologic slip rates and uplift patterns in the nearby Los Angeles basin (e.g., Cooke, 2004, 2005; Cooke and Marshall, 2006; Meigs et al., 2008) .
Model and Geologic Average Reverse-Slip Rates
In order to evaluate the ability of our models to simulate regional deformation, we compare the average modeled reverse-slip rates and slip vector rakes to ranges calculated in existing geologic studies (Table 1) . Because fault surfaces contain numerous elements of varying sizes, average slip rates and rakes are area weighted by element area. All average slip rates and rakes are calculated over the entire modeled fault surface. Many existing studies of tectonic deformation in the Ventura region relied on the assumption that the major faults have experienced dominantly dip-slip motion; however, geologic data from the Pitas Point/Ventura fault (Sarna-Wojcicki et al., 1976; Peterson et al., 1996) , Hitchcock et al., 2001; high, Gonzales and Rockwell, 1991 Fault-slip rates that are based on paleoseismic study are in bold. Horizontal or vertical rates are converted into reverse-slip rates by considering the average dip of the appropriate fault in the CFM. The rate of the Mission Ridge fault sums the vertical uplift rates on the Oak View and Arroyo Parida faults described by Rockwell et al. (1984) because the CFM simplifies these strands into a single fault.
Oak Ridge fault (Azor et al., 2002; Yeats, 1988a) , and SimiSanta Rosa fault (Hitchcock et al., 2001 ) suggest significant oblique motions. To evaluate the effectiveness of our models to simulate slip obliquity, we compare expected sense of slip on Ventura region faults to model-calculated average-slip vector rake (Fig. 4) . Both the topology and planar models produce oblique reverse left-lateral slip along the Oak Ridge, Pitas Point-Ventura, and Simi-Santa Rosa faults in agreement with geologic estimates. Both models also predict all remaining faults to have oblique reverse right-lateral slip. Furthermore, our models predict that all faults in the Ventura region experience significant strike slip with ratios of strike slip to dip slip > 0:2. Ubiquitous strike slip along modeled faults suggests that assumptions of plane strain used in twodimensional cross section and modeling studies may not be valid in the Ventura region.
The topology model predicts average reverse-slip rates that fall within ranges of available geologic slip rates for nearly all modeled faults (Fig. 5) . Exceptions are the Holser and Simi-Santa Rosa faults for which the topology model predicts reverse-slip rates that are ∼0:8 and 0:6 mm=yr higher, respectively, than geologic estimates. Because we incorporate fault elements that are weak in shear, all faults within our models are active, and the models may consequently overestimate slip along inactive faults. Discrepancies in model-predicted reverse-slip rates on the Simi-Santa Rosa fault may reflect errors in fault geometry; for example, the downdip extent of the Simi fault may exert a strong control on the average-slip rate. In our models, the Simi fault is modeled as a back thrust off the Oak Ridge fault (e.g., Huftile and Yeats, 1996) . If the Simi fault is shorter than within our model and does not reach the Oak Ridge fault at depth, its model-calculated reverse-slip rate may approach paleoseismic estimates. Alternatively, the slip-rate discrepancies may arise because slip-rate investigations can be conducted in areas that do not represent the average slip rate of a fault (e.g., Cooke and Marshall, 2006) .
The planar model produces slip rates that are different from the topology model on all faults. The largest differences occur along the Santa Susana and Mission Ridge faults. For the Mission Ridge fault, the planar model predicts a slip rate that is lower than the geologic range, while the topology model produces a compatible slip rate for this fault. One might expect that a planar fault would consistently produce higher slip rates than a nonplanar fault because of the lack of bumps and irregularities to impede slip along the fault. However, the topologic Mission Ridge, Northridge Hills, Pitas Point, and Simi faults produce higher reverse slip that their planar counterparts. To explore the cause of this unexpected result, we first examine along-strike variations in slip and then investigate the effects of mechanical interactions between faults of the Ventura region.
Near-Surface Slip Distributions along Modeled Faults
To assess the suitability of site-specific slip-rate estimates to represent average slip rates for an entire fault Huftile and Yeats (1996) .
surface and to elucidate differences in geometric fault representations, we examine the near-surface slip distributions along both planar and nonplanar modeled faults. This comparison also serves to test model fidelity by comparing geologic slip-rate estimates at the same location within the model.
The Simi Fault
Model predictions of slip distribution along the trace of the Simi fault are compared to three geologic studies (Fig. 6 ). The topology model is compatible with the reverse-slip rate of Gonzalez and Rockwell (1991) at the location of study (distance ≈ 0 km); however, the planar model predicts a slightly higher reverse-slip rate than Gonzalez and Rockwell (1991) . Both models predict higher reverse-slip rates than Huftile and Yeats (1996) at distance ≈ 0:45 and Hitchcock et al. (2001) at distance ≈ 0:75. The reverse-slip rate of Huftile and Yeats (1996) is calculated from a retrodeformed cross section by projecting the offset Saugus formation to its intersection with the Simi fault. A slip rate calculated from projecting unit contacts is likely to incur error if the unit is folded or if the fault surface is nonplanar. The easternmost paleoseismic study along the Simi fault may have produced an artificially low slip rate due to erosional effects at the site of study and should be considered a minimum estimate (Hitchcock et al., 2001 ). Our topology model results suggest that the Simi fault reverse slips at ∼1:6 mm=yr on average, significantly higher than previous estimates (Gonzalez and Rockwell, 1991; Huftile and Yeats, 1996; Hitchcock et al., 2001 ).
The topology model predicts the center of the fault trace to be reverse slipping at ∼2:5 mm=yr with decreasing reverse-slip rate towards the lateral tips. The eastern tip of the topology model has a higher reverse-slip rate than the western tip by ∼1 mm=yr. This asymmetry can be attributed to mechanical interaction with the Northridge hills fault to the east. This soft link promotes slip on the eastern portion of the Simi fault, whereas the western tip of the Simi fault is relatively isolated and has a lower slip rate. The planar model predicts only an ∼0:2 mm=yr difference in reverse-slip rate at the lateral tips, suggesting that fault geometry can alter the degree of mechanical interaction between nearby faults.
The Northridge Hills Fault
The topology model predicts an average reverse-slip rate for the Northridge Hills fault of 1:71 mm=yr (Fig. 5) , only slightly greater than the range of the paleoseismic estimate of 0:3-1:7 mm=yr (Baldwin et al., 2000) . However, at the site of the paleoseismic study, our model yields a lower reverseslip rate that falls within the paleoseismic range (Fig. 7) . This nonuniform distribution of slip suggests that a slip-rate estimate made at the site of Baldwin et al. (2000) will underestimate the average slip rate on the Northridge Hills fault, subsequently underestimating the seismic potential of this fault. Furthermore, the model-predicted slip rate along the surface trace of the Northridge Hills fault indicates that every location along the surface trace has less reverse slip than the average value of 1:71 mm=yr so that any paleoseismic study conducted along this fault will yield reverse-slip rates that are 0:2-1:1 mm=yr lower than the average slip rate Gonzalez and Rockwell, 1991; right, Hitchcock et al., 2001 ) with gray boxes, while a reverse-slip rate estimate from a balanced cross-section study (Huftile and Yeats, 1996) is shown with a large gray X. The average reverse rate of the entire topology model surface is plotted as a dashed horizontal line. The inset shows the surface trace geometry (cf. Fig. 1 ) and the approximate locations of geologic slip-rate estimates (paleoseismic trench sites, asterisks; cross-section trend and location, dotted line). Figure 6 except right-lateral slip is also plotted with circle symbols. Both models predict the entire shallow Northridge Hills fault to be reverse slipping less than the average reverse-slip value, suggesting that seismic hazard associated with this fault may not be fully characterized by paleoseismic studies, which sample only the surface slip rates. of the entire surface. Reverse-slip rates increase with depth along the Northridge Hills fault as the fault surface changes dip from ∼60°dip in the near surface to more optimally oriented ∼30°dip at 0.5-0.9-km depth. The steep dips at shallow depth as well as interaction with nearby faults (discussed later in this article) produce below-average reverse-slip rates in the near surface.
The topology model predicts a distinctly different slip distribution than the planar model, with a zone of relatively low reverse-slip rates near the middle of the curved fault trace. A bend in the fault trace near distance ∼0:5 kinematically favors right-lateral strike slip and inhibits reverse slip locally. The topology model slip distribution demonstrates that along a fault bend such as along the Northridge Hills fault, a local decrease in reverse slip can be accompanied by a local increase in strike slip.
The San Cayetano Fault
Numerous slip-rate estimates along the ∼40 km fault trace of the San Cayetano fault (Rockwell, 1988; Huftile and Yeats, 1996; Dolan and Rockwell, 2001) provide the most robust distribution of geologic slip-rate estimates of any fault in the Ventura region. The topology and planar modelpredicted reverse-slip distribution (Fig. 8) agree with the trend of existing paleoseismic data (e.g., Rockwell, 1988) ; they both show an eastward increase in reverse-slip rates. The planar San Cayetano fault-slip distribution has fewer irregularities than the nonplanar version, suggesting that much of the complexity in the topology model slip distribution along this fault is a consequence of fault topology. Our topology model results show an eastward increase in reverseslip rates that drops significantly at the location of a large lateral ramp in the fault trace (Fig. 8) . Within the lateral ramp, we observe a trade-off between reverse slip and strike slip similar to that along the Northridge Hills fault (i.e., the strikeslip rate increases where the reverse slip decreases). East of the lateral ramp, reverse-slip rates once again increase until the effects of the eastern tip combined with another small lateral ramp reduce the reverse-slip rates near the eastern tip of the fault. Both the topology and planar models overpredict slip rates at the two westernmost sites of Rockwell (1988) ; however, the general trend of our topology model and data from Rockwell (1988) are compatible. The large range in slip rates along the surface trace of the San Cayetano fault highlights the difficulty of selecting a single site that is representative of the average reverse-slip rate of the entire fault surface. Dolan and Rockwell (2001) found no evidence for lateral slip on the San Cayetano fault at a site between Piru and Fillmore (distance ≈ 0:83 on Fig. 8) . At the location of that fault trench, the topology model predicts only minor amounts of strike slip, while the planar model predicts nearly 3 mm=yr of right-lateral strike slip (Fig. 8) . The locally low strike-slip rate is likely a consequence of local fault geometry and not characteristic of the entire fault surface. Furthermore, within the topologic model, right-lateral slip rates within the large lateral ramp section of the San Cayetano fault near Fillmore are over twice the average-slip rate due to the change in strike of the fault trace. These patterns show that fault topology may exert a first-order influence on slip distribution.
The Oak Ridge Fault
While no paleoseismic slip-rate estimates have been made along the Oak Ridge fault, two balanced cross sections (Yeats, 1988b; Huftile and Yeats, 1996) provide reverse-sliprate estimates. Additionally, geomorphic analysis of the Oak Ridge (Azor et al., 2002) indicates a westward decrease in reverse-slip rates. Balanced cross sections across the Oak Ridge fault suggest a maximum reverse-slip rate at South Mountain (Yeats, 1988b; Huftile and Yeats, 1996) , the topographic high point along the Oak Ridge. We compare the reverse-slip rates calculated in the balanced cross sections of Huftile and Yeats (1996) to model-predicted near-surface slip rates (Fig. 9) .
In both models, we observe a maximum reverse-slip rate at South Mountain and a decrease in reverse-slip rate to the west (Fig. 9) ; however, only the topology model is compatible with the reverse-slip rates at the sites of measurement. The topology model predicts 4:75 mm=yr of reverse slip at the site of Yeats (1988b) , only slightly below the 4:8-5:0 mm=yr geologic range (Huftile and Yeats, 1996) . At the eastern cross section across the Oak Ridge fault, the topology model predicts 4:05 mm=yr of reverse slip, within the preferred geologic rate of 3:4-4:2 mm=yr (Huftile and Yeats, 1996) . Our topology model results also suggest that both Figure 6 with leftlateral strike slip (circles) also plotted. Dolan and Rockwell (2001) found no evidence of lateral slip at location ≈0:83 (large asterisk). This coincides with low strike-slip rates predicted by the nonplanar model. Slip-rate estimates from balanced cross-section analysis are not plotted due to their large ranges. of these geologic slip-rate estimates were made in locations that are reverse slipping higher than the average fault-slip rate. This implies that the seismic hazard for the Oak Ridge fault may be overcharacterized if based solely on surface investigations at these sites.
Geomorphic evidence (Azor et al., 2002) including structural analysis of the Montalvo Mounds in the western portions of the Oak Ridge fault (Yeats, 1988a) suggests a significant component of left-lateral strike slip with a decreasing reverse-slip rate towards the western fault tip. Our models also predict a significant amount of left-lateral motion in the western portion of the fault. Although both models predict decreasing reverse-slip rates westward from South Mountain, we do not predict near-zero reverse slip through the Oxnard plain as has been suggested by past studies (e.g., Yeats, 1988a,b; Azor et al., 2002) . Shortening in the Oxnard plain may be partially taken up by tightening of folds due to flexural slip along bedding planes in the Ventura fold belt (Yeats et al., 1988) . Flexural slip is not considered in our models and may act to decrease reverse-slip rates on the western portion of the Oak Ridge fault. The topology model shows a significant decrease in left-lateral slip rate at South Mountain compared to the planar model. This decrease in left-lateral-slip rate is due to a change in orientation of the fault at South Mountain that favors reverse slip over left-lateral slip. The prediction of maximum left-lateral slip in the Oxnard plain and not at the center of the trace in the planar model cannot be attributed to irregular fault topology and suggests that strike slip in the Oxnard plain is at least partially driven by mechanical interaction between the Oak Ridge fault and the nearby Simi-Santa Rosa, Sisar, and Ventura-Pitas Point faults.
Influence of Nonplanarity on Mechanical Interactions
The Santa Susana fault shows the greatest sensitivity to interaction with nearby faults as demonstrated by a near doubling of net-slip rate in the planar model (Fig. 5) . Part of the slip magnitude difference can be attributed to a change in geometry of the nearby San Gabriel fault to the north. In the topology model, the San Gabriel fault has an arcuate shape, but in the topology model this fault is simplified into two planar segments, which form a v-shaped surface trace. This simplified fault geometry is not as effective at accommodating the regional strain imposed in our models as evidenced by a ∼0:6 mm=yr drop in net-slip rate on the San Gabriel fault in the planar model. The shortening that is lost across the San Gabriel fault in the planar model is accommodated in part by reverse slip on the nearby Santa Susana fault to the south causing its slip rate to increase in the planar model. This result implies that simplification of fault geometry in the planar model has significantly altered mechanical interactions and the partitioning of slip in the fault system.
Variations from planarity kinematically resist slip in the direction of the topology. Consequently, one expects planar models to produce higher dip-slip rates owing to a lack of downward asperities. Our models, however, predict dip-slip rates in the planar model that are in some cases higher and in some cases lower than those predicted by the topology model (cf. Fig. 5 ). Our models also predict greater strike-slip rates along some topologic surfaces than planar surfaces (Fig. 4) . For example, the simplification of the Northridge Hills fault to a planar fault surface decreases the model-predicted slip rate (Fig. 5) . While both models produce reverse-slip rates that are compatible with the paleoseismic range of 0:3-1:7 mm=yr (Baldwin et al., 2000) , the three-dimensional slip distribution varies greatly in the two representations (Fig. 10) .
The Northridge Hills fault in both models intersects the Northridge, San Gabriel, Santa Susana, and Holser faults; however, the geometry of the fault intersections varies significantly between the two models. Nonlinear fault intersections in the topologic model become linear when faults are simplified to planes. In the topology model, the intersection with the Santa Susana fault marks a distinct change in direction of net-slip vectors (Fig. 10) . In the western portion of this intersection (location A in Fig. 10 ), the sense of strike slip changes from oblique left lateral below the intersection to oblique right lateral above. The effects of this intersection in the planar model are distinctly different from the topology model. The intersection with the Santa Susana fault marks a change in net-slip rate in both models although a much larger change in net-slip rate is observed in the planar model. In the planar model, the north-dipping Northridge Hills fault has negligible slip updip of the Santa Susana fault because this fault transfers nearly all of its slip onto the hanging wall of the north-dipping Santa Susana fault (for complete intersection geometry, see Fig. 2 ). 
Discussion
The ability of our topology model to match nearly all of site-specific slip-rate estimates as well as slip distribution patterns implied by past studies suggests that our CFM version 2.5-based topology model is, to the first order, geometrically reasonable. Furthermore, the high compatibility of our topology model results and the site-specific geologic slip rates suggest that geodetically determined strain rates over the past decade of station movement have persisted for geologic time scales (i.e., many earthquake cycles) in the Ventura region.
Over the past three decades, slip rates along faults in the Ventura basin have been estimated using two-dimensional analyses (e.g., Namson and Davis, 1988; Yeats, 1988b; Yeats et al., 1988; Yeats, 1995, 1996; Niño et al., 1998; Hager et al., 1999) . Our model results show that three-dimensional interactions between adjacent and/or intersecting faults may yield complex slip distributions (e.g., Fig. 10 ) that cannot be incorporated in plane strain, two-dimensional analyses. For example, spatially variable slip rates along modeled Ventura regional faults suggest that projecting GPS stations velocities onto linear transects for two-dimensional analyses may be inappropriate. Additionally, the geodetic shortening direction determined here, and similar to previous studies Donnellan, Hager, King, and Herring, 1993; Hager et al., 1999) significantly differs from the shortening direction inferred in balanced cross-section stu- Figure 10 . Net-slip vectors mapped onto the hanging wall of the Northridge Hills fault surface. Arrows represent movements at the center of elements (i.e., tails of arrows). These slip vectors represent the sum of the displacements on the hanging wall and footwall sides of the fault surfaces. Because the topology model faults are three-dimensional, the viewer is oriented to view the hanging wall roughly perpendicular to the fault surface. Subsurface intersections with other faults are labeled with dashed lines. For the complete intersecting fault geometry refer to Fig. 2 and Ⓔ the oblique three-dimensional view of this figure in the electronic edition of BSSA.
dies. This obliquity may further increase the inherent errors associated with using two-dimensional cross sections of the region to estimate slip rates.
Our model results suggest that the near-surface slip distributions along active faults in the Ventura region should differ quite significantly from the average slip rates for entire fault surfaces. Other effects not considered in this study should be examined in future models. For example, heterogeneous rock properties in the Ventura basin affect deformation patterns (Hager et al., 1999) and low stiffness sedimentary basins may accommodate some regional contraction resulting in less slip along basin bounding faults (e.g., the San Cayetano and Oak Ridge faults). While many factors such as tectonic boundary conditions (e.g., Griffith and Cooke, 2005) , geometric irregularities (e.g., Chester and Chester, 2000; Savage and Cooke, 2003) , mechanical interaction (e.g., Bürgmann et al., 1994; Maerten et al., 2005) , heterogeneous host rock properties (e.g., Bürgmann et al., 1994; Hager et al., 1999; Fialko, 2004b Fialko, , 2006 , fluid pressure effects (e.g., Fialko, 2004a) , and heterogeneous frictional properties (e.g., Cooke, 1997; Martel, 1997 ) may all, to some degree, affect the slip distributions along faults, our model results indicate that fault geometry and mechanical interaction exert a strong control on slip distributions along faults in the Ventura region.
Our models predict that slip rates along the surface traces of faults will in some locations be higher and in some locations be lower than average slip-rate values for the entire fault surface. Match of paleoseismic rates to our average modeled slip rates (Fig. 5 ) may be a coincidence and reflects the large range in many existing geologic slip-rate estimates. Since we have shown that slip distributions along Ventura region faults are likely to be rather complex, a useful measure of model fidelity is made when model-predicted slip rates are compared at the same locations as geologic slip-rate estimates. Because the sighting of paleoseismic investigations primarily considers the available sedimentary record, many paleoseismic investigations may have been performed in nonrepresentative along-fault locations (i.e., locations that are slipping above or below average-slip rates). We propose that results from mechanical models like those presented herein could be used to correct for nonrepresentative fault location and guide selection of future paleoseismic sites to better determine average fault behavior. For example, a paleoseismic investigation by Baldwin et al. (2000) along the nonplanar Northridge Hills fault was performed in a location that our models predict to be reverse slipping ∼0:6 mm=yr less than the fault on average, while existing investigations along the Oak Ridge fault (Yeats, 1988b; Huftile and Yeats, 1996) may have overestimated the average slip rate by 1:5-0:8 mm=yr.
Kinematically, one might expect planar faults to consistently overestimate the net-slip rate on faults with the amount of overestimation directly proportional to the degree of nonplanarity of the actual fault. For example, the geometrically complex but relatively isolated San Cayetano fault exhibits moderate differences in slip rate (the planar San Cayetano slips 0:2 mm=yr faster in reverse slip and 0:5 mm=yr faster in net slip) with differing fault representations. In contrast, the intersecting Santa Susana and Northridge Hills faults show dramatically different slip patterns, suggesting that intersecting and strongly interacting faults are more sensitive to fault topology than isolated faults. While kinematic reasoning may hold true for isolated faults, faults in the Ventura region do not act in isolation. One could reason that nonplanar fault surfaces may have some portions that are more favorably oriented for slip than the planar surface leading to faster slip rates; however, the nonplanar version should also produce corresponding regions less-favorably oriented for slip. The increase in slip rate for nonplanar faults in our modeling study reflects a combination of differences in fault interactions and surface area. Simplification of nonplanar fault surfaces with irregular tip lines into rectangular surfaces results in arbitrary fault area changes that affect the ability of a fault surface to accumulate slip. Highly simplified fault geometries such as those proposed in the SCEC CFM-R therefore may lead to inaccurate hazard analyses in southern California.
Our model results show that both fault geometry and mechanical interactions play a primary role in the partitioning of slip in the Ventura region. The Santa Susana fault is especially sensitive to mechanical interactions with the nearby San Gabriel and Northridge Hills faults. Offset strata in borehole data indicate that the Northridge Hills and Santa Susana Faults are active (Yeats, 1987; Tsutsumi and Yeats, 1999) ; however, Powell (1993) suggests that the San Gabriel fault is currently inactive. Because we include slip along the San Gabriel fault, our models may systematically underestimate the net-slip rate on the Santa Susana fault, undercharacterizing its seismic hazard.
In the planar model representation of the Santa Susana and Northridge Hills faults, the simplified intersection of these faults results in nearly complete slip transfer from the deeper portions of the Northridge Hills fault to the shallow portion of the Santa Susana fault (Fig. 10) . This slip transfer results in very low slip rates in the shallow portions of the Northridge Hills fault, in disagreement with paleoseismic slip rates along this fault (Baldwin et al., 2000) . In the more geometrically realistic topology model, the intersection with the Santa Susana fault results in only minor slip transfer between the two faults and slip rates in the near surface that are compatible with paleoseismic data. This differing behavior of interacting faults in the planar and nonplanar models suggests that simplification of fault geometry can fundamentally change the mechanical interactions between nearby (and especially intersecting) fault segments.
Because most fault intersections occur well below the data that constrains the fault geometries in the Ventura region (e.g., borehole data and is limited to ∼5-km depth), we expect that the configuration of some CFM fault intersections are unconstrained. Our results suggest that the configuration of deep subsurface fault intersections can affect resultant near-surface slip distributions. Detailed constraints on the geometry of subsurface fault intersections will improve understanding fault behavior and help better characterize the seismic risk of intersecting faults.
Conclusions
We find that numerical models utilizing geologically constrained nonplanar fault surfaces match available geologic slip-rate data better than models incorporating rectangular planar fault surfaces. The match of our topology model to numerous site-specific slip-rate estimates suggests that the model captures the first-order geometry and mechanical interactions in the Ventura region. We find that fault geometry exerts a strong control on predicted slip distributions and that most sites along the surface trace of faults do not slip at values that are representative of average slip rates over the entire fault surface. We propose that model-predicted slip rates along geologically constrained fault surfaces can be used to help guide locations of future paleoseismic and cross-section studies and that past slip-rate estimates can be effectively corrected for nonideal along-fault location. Furthermore, because deformation in our models is driven by geodetic strain rates and matches well geologic fault-slip rates, this suggests that the present-day shortening rates in the Ventura region are compatible with deformation over geologic time scales.
While kinematic reasoning would lead to an expectation that all nonplanar fault surfaces should have lesser slip than their planar counterparts, we find this to not always hold true. Simplification of irregular fault surfaces to rectangular planar surfaces, as is done in many large regional models, fundamentally changes the behavior of faults in the system (e.g., Fig. 10 ) and produces potentially unreliable results. Therefore, large-scale models using simplified fault geometry, such as the SCEC CFM-R (a version of the CFM that uses rectangular fault segments), are therefore likely to inaccurately represent deformation on a regional scale and may yield nonrepresentative fault-slip rates. All results presented herein show that constraint of three-dimensional fault geometry is essential for accurate seismic hazard characterization of regions of complex faulting such as the Ventura Basin of southern California.
